Introduction
The demand for cleaner energy has led scientists to fi nd methods to reduce carbon dioxide emissions, utilize new sustainable couples of transition metals Fe 2+/3+ , Co 2+/3+ , Ni 2+/3+ , and Mn 3+/4+ that can act as active sites for the OER activity of these metal oxides. The presence of amorphous surfaces in metal oxides has the ability to enhance the OER activity. [ 11 ] The method of oxidation, [ 12 ] crystallinity, and pH range of reaction has been found to play a profound role during oxygen evolution. [ 9, 13 ] Co 3 O 4 nanoparticles have been grown on nitrogen-doped graphene to increase electrical conductivity. The additions of precious metal dopants (e.g., gold) on manganese oxides [ 14 ] and cobalt oxides [ 15 ] enhance their catalytic activities at the expense of cost.
The nature of binding and doping-induced defects is very critical to enhance the activity and stability of metal-free catalysts for oxygen evolution reactions. Carbon nanotubes or graphene doped with heteroatoms (N, S, P, and B) [ 16 ] have been found to exhibit remarkable activity for the oxygen reduction reaction (ORR). Many computational studies have shown that doping heteroatoms on the carbon skeleton led to an increase in charge population and density, as the heteroatoms act as the active sites for ORR. [ 17 ] There are few reports about the activity of metal-free electrocatalysts for OER, due to their low activities or stabilities. [ 18 ] The nature of OER is harsher than ORR, as high current density at low overpotential is required. Zhao et al. fi rst made an OER metal-free catalyst by introducing nitrogen in the carbon, but the activity decreased after only 20 cycles. [ 18b ] Films with high mass loading of a dual-doped nitrogen and oxygen hydrogels of carbon nanotubes and graphene showed low current density and stability. [ 18a ] Composites made by incorporation of C 3 N 4 nanosheets between the sheets of graphite and carbon nanotubes increased stability. [ 19 ] Moreover, there are recent efforts to use other doping atoms like P, N, [ 20 ] and O. [ 21 ] Based on these reports, low activity and stability were likely due to the nature of binding between the heteroatom and the carbon skeleton. Identifi cation and control of the active sites of the metal-free catalyst is unclear and needs extensive research in order to understand the activity and develop stable, active metal-free catalysts.
We introduce a sequential two-step or bidoping strategy as a novel route to control the active sites of sulfur-doped multiwall carbon nanotubes at the atomic scale. This unique method of doping increased the OER performance of carbon nanotubes by boosting the catalytic activity with an overpotential of 350 mV at a current density of 10 mA cm −2 and results in a turnover frequency (TOF) two orders of magnitude greater than that of the state-of-the-art catalyst for OER (20% Ir/C) at 400 mV overpotential. The stability was also enhanced and retained at 100% current density of its initial value for 75 h, producing the most active and stable metal-free catalyst for OER to date. Moreover, the activity of the oxygen reduction reaction (ORR) is also enhanced upon applying the bidoping sulfur strategy and the TOF is equal to Pt/C, the state-of-the-art catalyst for ORR. The active sites of sulfur-doped carbon nanotubes were characterized by high-resolution transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), Cs-aberration-corrected scanning transmission electron microscopy (STEM), high angle annular dark-fi eld (HAADF) imaging, and STEM electron energy loss spectroscopy (EELS) mapping and spectra. The nature of the environment of sulfur active sites was further examined using fl uorescence emission of the sulfur K-edge by X-ray absorption near edge spectroscopy (XANES). These characterization techniques were used to obtain a detailed understanding of the correlation between the active sites and the outstanding electrochemical activity of this bidoping strategy.
Results

Doping Paths and Products
Sulfur-doped carbon nanotubes (CNT) were prepared as illustrated in Figure 1 . Each is designated by the sulfur source, S for thiourea and S′ for benzyl disulfi de (BDS), and by the temperature of hydrothermal treatment, 180 °C or 1000 °C. Starting materials (Ox-CNT) were multiwall carbon nanotubes that had been partially unzipped and functionalized with oxygen by reaction with H 2 SO 4 followed by KMnO 4 as reported by Kosynkin et al. [ 22 ] Sulfur was introduced to Ox-CNT either by hydrothermal treatment with thiourea at 180 °C for 8 h to form the intermediate, S-CNT 180 °C , or by pyrolytic reaction with benzyl disulfi de under an N 2 atmosphere at 1000 °C. Three types of S-functionalized CNTs were produced by pyrolytic treatment at 1000 °C under an N 2 atmosphere: (1) S-CNT 1000 °C by pyrolytic treatment of S-CNT 180 °C , without further introduction of sulfur, (2) S′-CNT 1000 °C by pyrolytic treatment of Ox-CNT with BDS, and (3) S,S′-CNT 1000 °C by pyrolytic treatment of S-CNT 180 °C with BDS to produce "bidoped" CNT. The objective is to compare the total sulfur, the nature of sulfur functionalization, and catalytic performance of doped CNT produced in these different processes.
Material Characterization
As supplied "pristine" multiwalled carbon nanotubes are approximately 27 nm in diameter, HRTEM imaging ( Figure 2 a; Figure S1 , Supporting Information) shows fringes that are parallel with slight undulation, and, although a few bifurcate, all are well ordered to the margin of the CNT. Upon hydrothermal Figure 1 . Illustration of the routes of bidoping strategy. The fi rst step oxidizes carbon nanotubes (Ox-CNT) by Hummer's method, followed by hydrothermal treatment of Ox-CNT by thiourea at 180 °C for 8 h to form S-CNT 180 °C or pyrolyzing in N 2 at 1000 °C in the presence of benzyl disulfi de (BDS) to form S′-CNT 1000 °C . S-CNT 180 °C was heated in N 2 at 1000 °C to form S-CNT 1000 °C . Further treatment under the same conditions in the presence of BDS to form sulfur bidoped carbon nanotube-graphene nanolobes (S,S′-CNT 1000 °C ).
(3 of 12) 1501966 wileyonlinelibrary.com treatment with thiourea (S-CNT 1000 °C ), a disordered surface zone, 0.4-1.5 nm in width, equivalent to a width of 2-4 fringes, is formed, in which the defi nition of the fringes is lost ( Figure 2 b; Figure S2 , Supporting Information). This is interpreted as representing partial unzipping of the outer 2-4 layers of the MWCNT. In the second step of doping with benzyl disulfi de ( Figure 2 c; Figure S3 , Supporting Information) (S,S′-CNT 1000 °C ), the zone of disorder is removed, and fringes while contorted, extend to the CNT margin, but do not everywhere lie parallel to this margin. Some nanotubes of this material retain their parallel-sided geometry. Irregular lobes of fringe-free material, 2-4 nm in size, extend out from the margins and are interpreted as graphene sheets resulting from small scale unzipping of the outer layer. Other CNTs appear comprised of bulbous segments, with internal structure as described. Half-oval lobes comprising highly contorted fringes or, more commonly, fringe-free material make up much of the margin of the CNT ( Figure 2 d; Figure S3 , Supporting Information). They may extend as much as 5-10 nm from the surface of the CNT and 10-15-nm along its length. These are interpreted as graphene layers, "peeled back," partially opening or "unzipping" the CNT. These features are analogous to the graphene nanosheets produced by the localized partial unzipping of MWCNT described by Kosynkin et. al. [ 22 ] (Figure 1 a; Figure S1 , Supporting Information). The lobe at center right in the image of Figure  2 d and Figure S3 (Supporting Information) appears to be 4-6 graphene layers in thickness. Further increasing the ratio of BDS relative to CNT leads to a signifi cant decrease of the integrity of the CNTs and large amounts of graphene material along with some remnants of CNT as seen in Figure S4 (Supporting Information). The SEM images of different doped carbon nanotubes have the same microstructure ( Figure S5 , Supporting Information).
The nature of the sulfur-doped carbon nanotubes was examined by X-ray photoelectron spectroscopy (XPS) to estimate surface concentrations of oxygen and sulfur and to also identify and quantify the proportion of the electroactive sites in different sulfurdoped nanotubes. The XPS survey scans ( Figure 3 a) show signifi cant O 1s peaks in Ox-CNT and S-CNT 180 °C , but the intensity of O 1s is greatly reduced with a corresponding increase in the intensity of C 1s in all samples treated at 1000 °C. Figure 3 b, Figure S6 , and Table S1 (Supporting Information) show that S-CNT 180 °C contains 17.18% oxygen. Upon heating to 1000 °C in N 2 reduces oxygen to 4.05% in S-CNT 1000 °C . Oxygen content in Ox-CNT reacted with BDS at 1000 °C in N 2 is 2.48% in both single-and bidoped materials and also the pristine CNT treated at 1000 °C meaning that the oxygen detected in S,S′-CNT 1000 °C might be adsorbed O 2 or CO 2 from the atmosphere and this is surface oxygen physically adsorbed on the surface of CNTs not incorporated in the ring of carbons of CNTs. Energy dispersive X-ray spectroscopy (EDX) showed negligible signal for oxygen in S,S′-CNT 1000 °C ( Figure S7 , Supporting Information). Within analytical uncertainty, the sum of sulfur plus oxygen in S-CNT 180 °C is equal to the content of oxygen in Ox-CNT, suggesting that sulfur introduced to CNT surfaces by reaction with thiourea at low temperatures is bonded to sites functionalized with oxygen.
The decrease in sulfur from 1.77% on S-CNT 180 °C surfaces to 0.01% on S-CNT 1000 °C indicates that this sulfur is not strongly bonded, an inference reinforced in the analysis of C 1s XPS spectra ( Figure S8 and Table S3 , Supporting Information). While the concentration of sulfur introduced by hydrothermal reactions of Ox-CNT with BDS at 1000 °C is 0.4%, and treatment of S-CNT 180 °C at 1000 °C reduces sulfur content to nearly zero, reaction of S-CNT 180 °C with BDS at 1000 °C results in sulfur concentrations of 1.19% in S,S′-CNT 1000 °C . Although the S 2p 1/2 and S 2p 3/2 spin-orbit doublets for sulfur are not resolved in the measured high resolution S 2p XPS peaks for S′-CNT 1000 °C and S,S′-CNT 1000 °C , a good fi t to the measured spectra is obtained by deconvolution into the 2p 1/2 and 2p 3/2 transitions for C S C at 163.8 and 165.3 eV (Figure 3c ; Figure S9 and Table S2 , Supporting Information). In addition to the contribution of C S C bonds, about 10% of the area of the S 2p peak for S′-CNT 1000 °C Presence of sulfur is recorded by the C S peak in the deconvoluted C 1s spectra. The highest sulfur "concentration," 1.8% of total C 1s peak area, occurs in S-CNT 180 °C , and this amount is reduced to 0.7% in S-CNT 1000 °C . This again suggests that sulfur introduced via thiourea is not strongly bonded to the carbon. The area of the C S peak for the benzyl disulfi de samples is 1.4% in S′-CNT 1000 °C and 1.5% in S,S′-CNT 1000 °C . There is a measurable signal for C S and C S C bonding in the S 2p and C 1s spectra for all S-doped samples, although it is greatly diminished in the thiourea-doped sample heat treated at 1000 °C. Similarly, there is a signifi cant decrease in the XPS signal for oxide and hydroxide functionalities in the samples heat treated at 1000 °C compared to their values in the original oxidized CNT's and the low temperature thiourea sample.
Raman spectra for pristine CNT, Ox-CNT, and all S-doped CNT show the sharp I D and I G peaks at 1350 and 1590 cm −1 characteristic of CNT's as well as the broad two-phonon pair (2D and D+G) at 2700 and 2900 cm −1 ( Figure 4 a). The G-peak arises from in-plane vibrations of the sp 2 C C network and in CNT is a measure of the order in CNT sidewalls. Disorder in the CNT sidewalls as well as bonding of heteroatoms to carbon contributes to the intensity of the D-band peak. The ratio I D : I G is a commonly cited measure of structural disorder in CNTs. [ 23 ] Disorder introduced upon functionalizing the surface of CNT increases the I D : I G from 1.05 in Pristine CNT to 1.11 in Ox-CNT. Bonding of sulfur to the surface further increases the I D : I G from 1.12 and 1.14 in S′-CNT 1000 °C and S-CNT 1000 °C to 1.19 in S,S′-CNT 1000 °C .
Exploring the sulfur content is very diffi cult by XPS, and other techniques are often unable to provide precise information about the nature of sulfur in each step of doping. The sulfur K-edge XANES is the ideal tool for the identifi cation of sulfur species bonded to the CNTs based on an edge shift of up to 12 eV over the range in oxidation state of sulfur from 2 − to 6 + . [ 24 ] K-edge XANES spectra for S-doped CNT show two broad peaks representing reduced ( S Red ) and oxidized (S O x ) sulfur species (Figure 4 b). The S Red peak can be split into contributions from three different functionalities: exocyclic sulfur (sulfur out of the carbon six-member ring), heterocyclic sulfur (sulfur in the ring), and sulfoxide ( SO ). The S O x peak can be split into sulfone ( SO 2 ) and sulfonate ( SO 3 ) contributions. [ 24 ] The XANES spectrum of CNT with thiourea (S-CNT 180 °C ) shows peaks for both exo-and heterocyclic sulfur in the reduced region and sulfone in the oxidized region. The XANES spectrum of CNT treated with benzyl disulfi de (S′-CNT 1000 °C ) has peaks for heterocyclic sulfur and sulfoxide and a probable mixture of sulfone and sulfonate in the oxidized region. The signal for bidoped CNT (S,S′-CNT 1000 °C ) appears to be dominated by heterocyclic sulfur in the reduced region and the sulfone + sulfonate mix in the oxidized region. Potential heterocyclic sulfur moieties in S,S′-CNT 1000 °C include thiophene and thiopyran. The normalized intensity of the S Red peak increased in the order of S-CNT 180 °C < S′-CNT 1000 °C < S,S′-CNT 1000 °C while the intensity of the S O x peak decreased in the same order.
The chemical microstructure of S,S′-CNT 1000 °C , was investigated using High-Angle Annular Dark-Field (HAADF-STEM) and STEM-EELS ( Figure 5 a; Figure S10a , Supporting Information). The CNT shows lobate structures extending outward, 5-7 nm from the margins, interpreted in the HRTEM study as graphene sheets resulting from small scale unzipping of the outer layers. Contrast in these images is directly related to the atomic number. [ 23, 25 ] Mottling in the image refl ects local variability in sulfur and carbon content. Element mapping was performed by STEM-EELS to determine the spatial distribution of sulfur on the carbon nanotubes. Figure 5 b-d and Figure S10b -d show EELS mapping of carbon (green), sulfur (red), and the two superimposed (yellow sulfur on green carbon). Sulfur is more or less uniformly distributed over the surface of the carbon nanotube, although "hot spots" occur which is different from previously reported sulfur terminated graphene nanoribbons. [ 26 ] Figure 5 f-g depict the HAADF-STEM image and STEM-EELS line scan across a CNT. The apparent higher concentration of carbon at margins of the CNT and dip at the center refl ect the fact that the EELS spectrum is collected from the whole thickness of the CNT. There is greater energy loss along the longer path within CNT walls compared with that cutting through multilayers at the top and bottom of the CNT and its hollow interior. The sulfur signal is noisy, but the concentration appears uniform from edge to edge. The lack of the edge effect seen in the carbon signal confi rms that sulfur is on the surface of the CNT and not in the interior. These observations confi rm that the sulfur hetero atoms have a uniform distribution on the CNT and nanolobes representing partially unzipped CNT which make these active sites more accessible to the reaction medium. The EELS spectrum ( Figure 5 h) inside the sulfur bidoped nanotube compared with surface and pristine material showed an S-L edge peak (163-237 eV) [ 27 ] that provided further evidence of sulfur functionalization on the carbon. EELS of the carbon K-edge consists of the characteristic peaks for π* (corresponding to 1s → π* of sp 2 hybridization) at 287 eV and σ* (corresponding to 1s → σ* of sp 3 hybridization) transitions at 295 eV.
Oxygen Evolution Reaction
The electrochemical catalytic activity of bidoped carbon nanotubes (S,S′-CNT 1000°C ) was examined with a rotating disc electrode (RDE) in 1 M KOH electrolyte saturated by O 2 at room temperature (25 °C). The performance of bidoped sulfur carbon nanotubes at 1600 r.p.m. showed remarkable current density compared to 20% Ir/C in the oxygen evolution reaction (OER) as shown in Figure 6 a. Linear sweep voltammetry (LSV) showed the superior current density activity of the bidoped sulfur carbon nanotubes. The catalytic activities of the monodoped sulfur carbon nanotubes and other undoped carbon nanotubes with different strategies are compared in Figure 6 b ; Figure S11 (Supporting Information). The cyclic voltammetry of S,S′-CNT 1000 °C ( Figure S12 , Supporting Information) revealed the absence of any capacitance which was also supported by increasing the scan rate of the LSV from 5 to 200 mV s −1 without changing the current density in a wide range of overpotential (420-570 mV) ( Figure S13 and the inset fi gure, Supporting Information). The catalytic activity of S,S′-CNT 1000 °C shows that the overpotential at 10 mA cm −2 , which is required for solar operation, is 350 mV. This is the most active metal-free catalyst system for aqueous alkaline oxygen reduction reaction to date. [ 18b , 19,28 ] The activity of different bidoped and monodoped carbon nanotubes compared to Ir/C followed this order S,S′-CNT 1000 °C > 20 wt% Ir/C > S′-CNT 1000 °C > S-CNT 1000 °C > S-CNT 180 °C > 20 wt% Pt/C. The OER parameters are summarized in Table 1 .
Additional electrochemical characterization was used to explore the superior activity of the sulfur bidoped carbon nanotubes. The activity of S,S′-CNT 1000 °C was probed by using electrochemical impedance spectroscopy (EIS). The charge transfer resistance ( R CT ) was obtained from the fi tted equivalent circuit. 
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The S,S′-CNT 1000 °C has the smallest charge transfer resistance of all studied systems which shows the highest standard rate constant ( k ° = 8.63 × 10 −3 cm s −1 ) and the fastest electron transfer rate among studied catalysts due to the highly accessible sulfur active sites that facilitated the oxygen evolution (Figure 6 d) . The Tafel slope of S,S′-CNT 1000 °C (95 mV dec −1 ) was also the smallest compared to 20% Ir/C (120 mV dec −1 ) and other monodoped sulfur carbon nanotubes (Figure 6 c) . The faradic effi ciency of S,S′-CNT 1000 °C is 99.4% ( Figure S14 , Supporting Information). For further activity assessment of S,S′-CNT 1000 °C , the mass activities and turnover frequencies (TOF) at η = 400 mV were calculated ( Figure S15 , Supporting Information; Table 1 ). The TOF for S,S′-CNT 1000 °C is very high (5.87 × 10 −5 s −1 ) at η = 400 mV relative to 20% Ir/C (2.7 × 10 −5 s −1 ). The TOF value for S,S′-CNT 1000 °C increased until reaching 5.6 orders of magnitude of 20% Ir/C at η = 570 mV with a value 0.4 × 10 −3 s −1 ( Figure S16 , Supporting Information). The newly developed bidoped sulfur carbon nanotube has a very high mass activity reaching 1000 mA g −1 at η = 570 mV ( Figure 7 a) , which indicates the excellent performance of the developed new strategy of bidoped sulfur carbon nanotubes.
The outstanding performance of S,S′-CNT 1000 °C and the stability of the metal-free catalyst are signifi cant issues regarding the practical use of metal-free catalysts in fuel cells for water elec trolysis. [ 18a , 18b ] The chronoamperometric study of S,S′-CNT 1000 °C shows remarkable stability for OER at a current density above 10 mA cm −2 (Figure 7 b) . The S,S′-CNT 1000 °C maintained 100% of its initial current density after 75 h and can be considered the most durable metal-free catalyst reported until now (Table S4 , Supporting Information). Moreover, the materials exhibit self-healing when the current density increased by 20% from its initial value after 5.5 h. In contrast, the current density of Ir/C dropped by 37% within 3.5 h under the same conditions ( Figure S23, Supporting Information) . In order to obtain more information about structure-stability relationships, we performed the same experiment on S-CNT 180 °C and found the current density drastically dropped to 10% of its initial current density within 1.5 h. 
Oxygen Reduction Reaction
The bidoping strategy for sulfur on partially oxidized carbon nanotubes shows high catalytic activity not only for OER but also for ORR. The effi cient bifunctionality shown by this material overcomes the major problems faced in development of regenerative fuel cells that require light weight active materials. The metal-free catalysts have very low mass density compared to state-of-the-art metals; the density of Ir is 22.52 g cm −3 for OER and Pt is 21.50 g cm −3 for ORR [ 29 ] while the CNT is 1.3 g cm −3 which means that the mass density of CNT is less than these metals by a factor 16. To evaluate the oxygen reduction reaction activity of S,S′-CNT 1000 °C , we ran cyclic voltammetry of S,S′-CNT 1000 °C which showed a cathodic reduction peak for ORR in oxygen-saturated 1 M KOH centered at 780 mV versus RHE, but in the absence of O 2 , the peak disappeared ( Figure 8 a) . The activity of S,S′-CNT 1000 °C and other counterparts were compared to state-of-the-art 20% Pt/C by using linear sweep voltammetry (LSV) (Figure 8 b) . LSV shows that the cathodic reduction peak of S,S′-CNT 1000 °C shifted to a higher potential than the monodoped sulfur CNTs. The reactivity of different sulfur carbon nanotube strategies was compared at −3 mA cm −2 and the activity followed the trend S′-CNT 1000 °C < S-CNT 180 °C < S-CNT 1000 °C < S,S′-CNT 1000 °C . The ORR parameters are summarized in Table 2 . Though the S,S′-CNT 1000 °C is negatively shifted from 20% Pt/C by only 40 mV, the TOF at 750 mV is equal to Pt/C. This activity was further confi rmed by comparing the Tafel slopes of S,S′-CNT 1000 °C (46.0 mV per decade) with those of the Pt/C catalyst (57.6 mV per decade) and also against counterparts (Figure 8 c) . The linearity of Figure 8 c suggests that the sulfurdoped carbon nanotubes follow the same mechanism and the fi rst electron transfer may be the rate-determining step. [ 23, 30 ] The outstanding ORR activity of S,S′-CNT 1000 °C over other different doping strategies was confi rmed by electrochemical impedance spectroscopy at 0.65 V in the frequency region of 0.1-10 5 Hz (Figure 8 d) . The S,S′-CNT 1000 °C has the lowest charge transfer resistance ( R CT ) and highest standard rate constant which followed the order of the activity trend. Koutecky-Levich (K-L) plots (Figure 8 f) derived from polarization of S,S′-CNT 1000 °C at different rotation speeds (400-2400 r.p.m.) showed good linearity (Figure 8 e) which indicates fi rst order reaction kinetics with respect to oxygen. [ 30 ] The K-L equation of the S,S′-CNT 1000 °C have an average of four electrons transferred over a range of potentials from 0.6 to 0.8 V. In order to assess the stability, chronoamperometry studies of S,S′-CNT 1000 °C and 20% Pt/C were carried out at 0.4 V at rotation speeds of 1600 r.p.m ( Figure S17 , Supporting Information). Pt/C lost ≈22% from its initial activity within the fi rst 25 min of operation, as compared to S,S′-CNT 1000 °C whose activity decreased only 2.3% under the same conditions. Under long-term operation, S,S′-CNT 1000 °C showed good stability for 8 h and retained about 71.6% of its original current density, but Pt/C retained only 65.1% at 5 h.
The S,S′-CNT 1000 °C showed strong chemical resistance under alcohol conditions. This is important for the transporting across membranes of fuel cells. The current density did not change by introducing methanol to the reaction, while the current density of Pt/C increased due to oxidation of methanol ( Figure S18 , Supporting Information). [ 16a-e ] This S,S′-CNT 1000 °C system is a potential cathode candidate catalyst not only for alkaline and regenerative fuel cells but also for direct-methanol fuel cells.
Discussion
We have developed a novel bidoping strategy to control the active sites of sulfur-doped carbon nanotubes at the atomic-scale. This leads to a boost in the activity of the oxygen evolution reaction (OER) and S,S-CNT 1000 °C is shown to be the most active and stable metal-free OER catalyst known to date (Table S4 , Supporting Information). We show for the fi rst time how to tune active sites by changing the doping precursors which, in turn, control the electrochemical activity. Besides the outstanding performance and durability of sulfur bidoped carbon nanotubes, these materials have other signifi cant features such as low cost, and low mass density relative to stateof-the-art systems generating a potential candidate for the light-weight regenerative fuel cells. [ 16a ] Advanced characterization techniques have been used to identify and correlate the various sulfur active sites with electrocatalytic activity. These techniques revealed that the activity was boosted by lowering the oxygen content which enhances conductivity and electron mobility. XANES analyzes suggested that the most active catalyst is the one which has the highest content of heterocyclic sulfur. High resolution imaging (HRTEM, HAADF-STEM, EELS mapping, and spectra) confi rm that the sulfur hetero atoms have a uniform distribution on the CNT and nanolobes representing partially unzipped CNT which make these active sites more accessible to the reaction medium.
The metal content of CNTs detected by ICP-MS is trace amounts of Co (1.16 × 10 −6 g of Co per 1 g of CNT). These trace impurities of Co cannot be detected by XPS and SEM-EDX. The trace element doping of Co and the CNT and CNT pyrolyzed at 1000 °C have poor catalytic activity. This suggested that the trace amount of Co on the CNT during its growth did not contribute in the OER activity. The role of oxygen and defects on the CNT are important. This can be observed by comparing Ox-CNT and Ox-CNT 1000 °C . The Ox-CNT 1000 °C showed higher activity than Ox-CNT as shown in Figure S11 in the Supporting Information. The partially oxidized carbon nanotube has high content of oxygen defects that hinder the electron transport in the carbon nanotubes by decreasing the conductivity. Upon removing the oxygen by pyrolysis at 1000 °C and restoring the conductivity of CNT, the OER activity is enhanced due only to structure defects formed by oxidation of CNTs. Increasing the CNT defects leads to OER enhancement.
Adv. Energy Mater. 2016, 6, 1501966 www.MaterialsViews.com www.advenergymat.de Figure 7 . a) Mass activity of sulfur-doped carbon nanotubes compared to state-of-the-art catalysts. b) Chronoamperometric study shows the stability test of S,S′-CNT 1000 °C compared to Ir/C and S-CNT 180 °C . The bidoping strategy retained 100% of its initial current density for 75 h and has highest stability than the Ir/C and S-CNT 180 °C , mass loading is 0.23 mg cm −2 at η = 400 mV.
(9 of 12) 1501966
wileyonlinelibrary.com
The OER activity of the doped carbon nanotubes is in the order S,S′-CNT 1000 °C > S′-CNT 1000 °C > S-CNT 1000 °C > S-CNT 180 °C . All of these catalysts have been treated with the same reagent CNT, BDS, and thiourea, but under different conditions. This completely eliminates any metal activity and the only factor affecting the activity is the nature of active sites (C S C). The Ox-CNT treated with thiourea under hydrothermal treatment to form S-CNT 180 °C this catalyst showed poor catalytic activity even though this material has the highest amount of sulfur and oxygen suggesting that hydrothermal treatment is not enough to restore the conductivity of the CNTs. The low binding energy of sulfur was confi rmed by removing these sulfur atoms upon pyrolysis at 1000 °C the S-CNT 180 °C to form S-CNT 1000 °C . S-CNT 1000 °C also showed poor catalytic activity due to the absence of any active sites (C S C). Stabilizing the sulfur occurs by introducing the second doping source (BDS), this S,S′-CNT 1000 °C formed by pyrolyzing the S-CNT 180 °C in the presence of BDS. This leads to stable active sites (C S C) and an increase in the defects of CNT by formation of a complex structure of graphene nanolobes attached Table 2 . Oxygen reduction reaction parameters for active sulfur-doped carbon nanotube-graphene nanolobes compared to state-of-the-art catalysts. to the walls of CNTs. This leads to enhancement of the OER activity of S,S′-CNT 1000 °C . In order to investigate the BDS doping, single doping of Ox-CNT with BDS by pyrolysis was used to form S′-CNT 1000 °C . S′-CNT 1000 °C has a higher activity than other monodoped catalysts because due to a higher amount of stable active sites. Integration of material characterization results, electrochemical activity measurements, stability trends and comparison with other reported OER mechanisms, [ 31 ] and theoretical studies [ 32 ] suggest a proposed mechanism for OER over the sulfur bidoped carbon nanotubes. As shown in Figure 9 , sulfur incorporated into the carbon sp 2 network of the nanotubes facilitates peroxide formation leading to oxygen evolution.
The OER reaction, catalyzed by S,S′-CNT 1000 °C begins by addition of two hydroxides (OH − ) to the adjacent sulfur's carbon atoms on the thiophene ring (step 1), followed by addition of another 2 OH − to form an intermediate structure (step 2). This intermediate structure undergoes rearrangement by removal of two molecules of water and four electrons to form two oxygen radicals bonded to carbon (step 3).
Step 4 involves the formation of a peroxide bond (O-O). Finally, the oxygen molecule is evolved in step 5. On the basis of that proposed mechanism ( Figure 9 ) S,S′-CNT 1000 °C , which has the highest content of heterocyclic sulfur of the studied materials, is the most active and stable catalyst. The bifunctionality of S,S′-CNT 1000 °C showed the superior performance as compared to noble metal catalysts as well as other active metal oxide systems ( Table 3 ) . [ 31, 33 ] The bidoped sulfur carbon nanotube has outstanding stability and durability at high current density (10 mA cm −2 ). The current density increased during the stability tests to 120% from its initial current density which is considered as self-healing. A few materials have been reported to have the same activation behavior such as α-Ni(OH) 2 [ 34 ] and MnO x . [ 35 ] During polarization of S,S′-CNT 1000 °C in the OER, the oxygen evolution from the electrode surface led to rearrangement of the active material to increase the accessibility of electrolyte to the sulfur active sites.
Ex situ Raman ( Figure S19 , Supporting Information) and SEM ( Figure S20 , Supporting Information) for S,S′-CNT 1000 °C under OER conditions at different time intervals showed that the ratio of the I D : I G increased after 5 h of OER operation due to increasing the disorder of CNT by introducing surface functionalizing groups on the carbon bound to sulfur atoms of CNT. This explains the increase in the activity under OER conditions. The SEM images showed that the Nafi on, which is used as a binder, leads to aggregation of the CNTs on the pyrolytic graphite electrode. After 5 h and 2 d of OER operations, there is no obvious damage to the CNT but after 3 d the CNT starts to decompose as shown in time-dependent studies ( Figure S20 , Supporting Information). 
Conclusion
We have developed a novel strategy to tune and stabilize the active sites of metal-free CNT-based catalysts. A new sequential bidoping strategy was used to control the nature of sulfur active sites for sulfur-doped carbon nanotube-graphene nanolobe materials. This leads to enhanced catalytic activity of bidoped carbon nanotubes, resulting in one of the most active catalysts for the oxygen evolution reaction. This system also functions with the lowest observed overpotential, 350 mV at 10 mA cm −2 , reported for metal-free catalysis until now and performs like the state-of-the-art catalyst (20% Ir/C) but with a much higher (ten times) turnover frequency. In addition to outstanding catalytic activity for OER, the bidoped catalyst exhibited very high stability for periods up to 75 h. HR-TEM and STEM-HAADF techniques reveal the unique attachment of graphene nanolobes to the walls of CNT also confi rm the uniform distribution of sulfur on the CNT. XANES and XPS helped explain the outstanding activity and stability by showing high amounts of sulfur incorporated inside the rings of carbon nanotubes of the bidoped CNT. The same behavior extends to the oxygen reduction reaction where the bidoped sulfur catalyst has high catalytic activity comparable to that of 20% Pt/C. The bifunctionality of the bidoped sulfur catalyst stands to currently be the most active bifunctional metal-free catalyst, which makes this material a potential candidate for next-generation metal-free regenerative fuel cells. This sequential two-step doping strategy can be used to control the active sites of other heteroatoms (N, P, B, etc.) in the skeleton of any carbon sources (CNT, graphene, etc.) that will open a new avenue for more effi cient electrochemical reactions (hydrogen evolution, carbon dioxide reduction reactions, etc.) of metal-free catalysts.
Experimental Section
List of Chemicals : 97% multiwalled carbon nanotubes (Catalog # 724769-25G), 99% potassium permanganate, 35% hydrogen peroxide, 90% potassium hydroxide, 95% dibenzyl sulfi de, 99% thiourea, 20% Nafi on, 99.9% iridium trichloride hydrate, 20% Pt/C, sulfuric acid, and hydrochloric acid were purchased from Sigma Aldrich. Absolute ethanol was obtained from Pharmco-Aaper. Carbon black was purchased from Cabot Corporation. All chemicals were used as received without any further purifi cation.
Synthesis of Sulfur-Doped Carbon Nanotubes : Partially unzipped CNT (Ox-CNT) was prepared by the same procedure of previously reported Kosynkin et al. [ 22 ] with little modifi cation. CNT (1 g) were suspended in concentrated H 2 SO 4 (300 mL) for 1 h at room temperature, then followed by slow addition of KMnO 4 (5 g), and the mixture was allowed to stir for 1 h at room temperature. The reaction was then heated in an oil bath at 55 °C for 30 min, then raised to 70 °C for another 30 min. Then reaction was allowed to cool to room temperature under continuous stirring. The reaction was quenched by pouring the reaction mixture over an ice bath containing 20 mL of 30% H 2 O 2 . The product was collected by centrifuge at 7500 r.p.m., washed several times with HCl, then DI water and fi nally with ethanol. The sample was dried under vacuum at 60 °C overnight.
First, doping of sulfur was done by sonication of Ox-CNT (300 mg) in 30 mL double deionized water, and then thiourea (3 g) was added into the solution with stirring. The suspended solution was transferred into Tefl on-lined stainless steel autoclave, and the temperature was maintained at 180 °C for 8 h. The reaction mixture was cooled to room temperature, washed repeatedly in water, and dried under vacuum at 60 °C. The obtained sulfur-doped CNT abbreviated as S-CNT 180 °C . The second doping of sulfur (S,S′-CNT 1000 °C ) was done by sonication of S-CNT 180 °C (100 mg) in 10 mL ethanol along with BDS (500 mg). The solution was allowed to dry under ambient conditions. The obtained solids were loaded in quartz tube and pyrolyzed under N 2 at 1000 °C for 1 h with ramping rate 10 °C min −1 . S-CNT 1000 °c was obtained by pyrolyzing S-CNT 180 °C at 1000 °C for 1 h. S′-CNT 1000 °C was obtained by using the same conditions of synthesis S,S′-CNT 1000 °C but the starting precursor was Ox-CNT.
Synthesis of 20% Ir/C Catalyst : Synthesis was done by simple incipient wetness impregnation method.
[ 33b ] IrCl 3 .xH 2 O (0.155 g) was dissolved in 1.5 mL of acetone, followed by the addition of 0.5 g of carbon black. The mixture was left dry at room temperature for 2 h then overnight at 60 °C. The composite was heated for 2 h at 400 °C under H 2 fl ow.
Electrochemical Measurement : Electrode inks were prepared by dispersing the active materials (4 mg) in a mixture of ethanol (200 µL) and water (800 µL), then 85 µL of Nafi on (35%) was added. The mixture was sonicated for 30 min. About 10 µL of the ink was allowed to dry overnight at room temperature on 0.13 cm 2 of pyrolytic graphite electrode as the working electrode. A CHI potentiostat workstation with a standard three-electrode setup where a pyrolytic graphite rod electrode was used as counter electrode, and saturated calomel electrode was used for a reference electrode in 1 M KOH for electrolyte. The overpotential ( η ) = (equilibrium potential of oxygen evolution reaction (E 1.23
= ) -applied potential of RHE). Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were conducted at scan rate 5 mV s −1 at 1600 r.p.m. All LCV and CV were iR compensated (4 ± 1).
Calculation : The exchange current density (mA cm −2 ) (
where R is the gas constant 8.31 J mol −1 K −1 , T is the absolute temperature 298 °K, n is the number of electron transfer 4, F is the ), and ν is the kinetic viscosity of electrolyte (0.01 cm 2 s −1 ). Material Characterization : The morphology of synthesis materials was investigated by using an FEI Nova NanoSEM 450 fi eld emission scanning electron microscopy (FE-SEM). Energy dispersive spectroscopy (EDS) was collected with an X-Max 80 silicon drift detector. High-resolution transmission electron microscopy (HRTEM) was done by a JEOL 2010 instrument with an accelerating voltage of 200 kV. HADF-STEM and EELS analyzes were obtained on a Hitachi HD2700C (200 kV) with a Cs-aberration-correction equipped cold fi eld emission electron gun (FEG) and a high-resolution parallel EELS detector (Gatan Enfi na-ER) at the Center for Functional Nanomaterial (CFN) at Brookhaven National Laboratory (BNL). X-ray photoelectron spectroscopy (XPS) was performed on a PHI model 590 spectrometer with (Physical Electronics Industries Inc.) using Al Kα radiation ( λ = 1486.6 eV) as the radiation source. The powder samples were pressed on carbon tape and mounted on adhesive copper tape. Survey scans were taken at pass energy of 200 eV and the high resolution scans at 50 eV. The C 1s peak position was set to 284.5 eV as an internal standard. Sulfur K-edge X-ray absorption spectroscopy (XAS) measurements were done in fl uorescence mode at beamline X19A of National Synchrotron Light Source (NSLS) at BNL. The beamline was calibrated by using the native sulfur K-edge at 2472.00 eV. ATHENA software package was used to process the X-ray absorption near edge spectroscopy (XANES) data. The Raman spectra were taken on a Renishaw 2000 Raman microscope at 532 nm excitation.
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